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complexes or multinuclear sulfide clusters [1] ).
The proportion of Cu complexed by each inorganic ligand can be assessed thanks to their corresponding stability constant reported in literature (e.g. [2] [3] [4] ). However, the assessment of the fraction of Cu bound to the ligands is not straightforward since this fraction is an 'unlimited' mixture between simple molecules (e.g. amino acid) and more complex structures (e.g. humic substances) which are still difficult to isolate [5, 6] . As each ligand from this mixture can provide several metal binding sites with specific metal-affinities [7] , the usual simplification is to gather binding sites of similar complexation properties into a discrete ligand class. Each ligand class (Li; 1 < i < n) thus refers to a homologous ligand group of similar binding-strength. Ligand classes are ranked from the strongest, denoted as the 'L1' ligands, to the weakest, referred to the 'Ln'
ligand. It is assumed that the interaction of free Cu with a specific binding-site (e.g. in the L1 class) forms 1:1 metal-ligand complexes, as described by the equilibrium reaction (2) and the corresponding thermodynamic equilibrium stability constant (3) [8] :
The charges of the different species involved are omitted to simplify. Note that considering only that particular equilibrium is an ideal case where there are only these two species ( and ) in the bulk solution. In practice, both are involved in numerous competing side reactions depending on the sample composition. The stability constant has therefore to be adapted according to the experimental conditions (pH, major ion composition, etc.) to reflect as best as possible the stability of the complex of interest [9] . Side reactions involving the ligands are fully identified as major ion composition and pH are well known in seawater [10] and can be summarized by the chemical equilibrium (4), where ′ refer to the concentration of unbound ligands:
Side reactions for are predominantly interactions between protons and other competing cations such as Ca 2+ and Mg
2+
with the ligand of interest. As the degrees of protonization and of complexation are not known in seawater, it is not possible to correct the thermodynamic stability constant for such side reactions [10] . The use of the so-called 'conditional stability constant' ′ which takes into account all interfering side reactions is therefore favored (5):
where ′ refers to the sum of the concentrations of free copper ions ( ) and of copper bound to other compounds than the ligand ( ) (6):
and where ′ denotes the total concentration of the ligand targeted not bound to copper. This includes the concentration of the protonated ligand , the free ligand concentration , as well as the concentration of the complexes of with other ambient cations (7):
′ is therefore unique to each solution considered.
Titration of natural binding ligands
The quantitative analysis of natural ligands requires techniques that need to be sensitive enough and highly selective such as the competitive ligand exchange ˗ adsorptive cathodic stripping voltammetry (CLE-AdCSV) [10] . The CLE-AdCSV relies on a competitive exchange of the target metal between natural ligands and a well-known added ligand. Here, salicylaldoxime (SA) was selected as the added ligand [11] to perform the complexometric Culigand titrations. The SA added (in excess) is usually assumed to form two electroactive complexes, i.e. (x = 1 or 2), according to the chemical equilibrium (8) and (9):
where ′ and ′ are the conditional stability constants for and , respectively. They are both described according to the equations (10) and (11), respectively.
These two parameters depend on the sample composition because of the ability of SA to react with other metal such as Fe [12, 13] . The addition of SA is then followed by additions of progressively increasing concentrations of Cu to titrate the natural ligands in solution. Once full equilibrium is reached, the complexes are adsorbed to the mercury drop electrode by application of a defined potential and then stripped from the drop. The current measured from the stripping step corresponds to the reduction of the accumulated complexes (from Cu(II)
to Cu(0)) and is proportional to the quantity of adsorbed to the drop, itself proportional to the concentration of in the bulk solution. The addition of SA in excess changes the natural mass balance equation which has to be reconsidered as follows (12): (12) The total concentration of the T complexes is then inferred by combining equations (10) and (11) as follows (13):
The conditional stability constants ′ and ′ are calculated and adapted according to salinity using the two empirical relationships provided by Campos & van den Berg [11] . The amount of the non-electroactive species and, thereafter, the complexing parameters of the ligand of interest can finally be inferred using equation (12).
Side reaction coefficient
Side reaction coefficients (SRC) reflect the combined effect of all side reactions occurring between Cu and the other ligands in the bulk solution, i.e. or ligands. They express the competitive strength of each type of ligand for Cu and are equivalent to the concentration ratio of complexed to free Cu ion as shown in equations (14) and (15) [8] :
Where and refer to the SRCs in which Cu is involved with and , respectively. In the case of the AdCSV method, the SRC related to the complexation of labile Cu by the added SA ( ) has to be taken into account and the species are assumed to be negligible when compared to the excess of SA added. Knowing the given conditional stability constants ′ and ′ , the SRCαSA is inferred from the equation (13) which can be rewritten as follows (16):
Combing equations (10), (11) and (16) 
The final fitting of the obtained experimental data to mathematical model (see below) will be therefore less complicated, whatever the calculation procedure used.
Calculation of the complexing capacity
The current measured during the stripping step is proportional to the total concentration of the complexes in the bulk solution and to the corresponding sensitivity of the analytical method used (18):
.
T (18)
And thus combining equations (17) and (18):
Knowing , and , the concentration of free copper can be calculated from equation (19) , enabling then the determination of and, finally, the assessment of the complexation parameters [9] .
The complexing parameters ′ and ′ need further well-established mathematical transformations to be estimated. In the case where only one ligand class is detected, the Ružić/van den Berg [10, 14] and the Scatchard [15] linearizations methods are generally used and expressed by the equations (20) and (21), respectively. Both resulting plots provide a linear relationship from which the two parameters are deduced. extended to a multi-ligand system [16] but not the Scatchard method [17] . In that case, a nonlinear regression such as the Langmuir/Gerringa technique [18] is recommended to better fit the experimental titration curve and to provide correct estimate of ′ and ′ corresponding to each class detected. The non-linear Gerringa method is shown in equation (22) and can be extended to a multi-ligand system:
The plot of versus is used to fit the experimental titration curves.
For a multi-ligand system, a mathematical software is needed to perform the non-linear fitting.
Above described approaches are based on analytical solutions, however, a methodology based on solving the true mass-balance equilibria of all components included in the system was developed and recommended for the CLE-AdCSV technique [8, 17, [19] [20] [21] [22] . A particular advantage of this approach is its ability to process experimental data obtained at different 'detection windows' as an unified set of data, leading to a reliable estimation of complexation parameters [8, 19, 21, 22] . In the present study, the software ProMCC [17] was used to fit the experimental data.
ProMCC includes both analytical solutions and the mass balance equilibrium approach. The mass balance equilibrium approach, referred as 'complete complexation fitting model' in
ProMCC was used for all calculations.
For all samples, the use of 1 ligand model gave proper estimations of both conditional stability constant and Cu-binding ligands concentrations. It should be noted that, in few cases, the Ruzicvan den Berg and Scatchard linearization plots gave indication of the presence of two ligand classes. However, the deviation from the linearity was caused mostly by the first three points of the titration curves. In these cases, unusually high stability constants with huge uncertainties were obtained for the first ligand. Such cases are considered as unrealistic and the "outlier" points were discarded in the treatment by using a one-ligand model.
Desorption step procedure
The potential jump enables the reduction/dissolution of the HgS layer according to equation 
